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Summary
Objective: To characterize the response of articular chondrocytes to a specific cryoinjury that leads to cluster formation following long-term
transplantation.
Design: Osteochondral dowels from 20 adult sheep were cryopreserved to optimize the recovery of chondrocytes immediately after thawing.
The dowels were transplanted as allografts and observed at 3 and 12 months. Chondrocyte distribution and viability was assessed using
paravital dyes after transplantation. Chondrocyte phenotype was assessed by in situ hybridization and immunohistochemistry to detect type
II collagen. An anticentrosome antibody was used to identify cells undergoing cell cycle progression towards mitosis.
Results: All cryopreserved grafts showed the presence of spheroidal clusters of chondrocytes 1 year after transplantation while the host
cartilage adjacent to the graft appeared morphologically normal. The average size of the clusters increased from four cells at 3 months to
12 cells at 1 year. The chondrocytes in the clusters displayed newly formed type II collagen protein and mRNA. Some cells within clusters
were observed with two centrosomes, indicative of cells progressing through the S phase of the cell cycle.
Conclusion: Adult articular chondrocytes retain the ability to repopulate the matrix, an ability which is demonstrated with this specific
cryoinjury. This may be an initial stage of cartilage regeneration. © 2001 OsteoArthritis Research Society International
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Adult articular cartilage (AC) has a limited capacity to heal
or respond to severe or repetitive injuries. Whereas AC
responds to various insults by increasing its metabolism of
proteins, proteoglycans, and nucleic acids1,2, there is scant
evidence that adult AC has any innate capacity to regener-
ate2. Chondrocyte ‘clones’, or clusters, a hallmark his-
topathological feature of both experimental and clinical
osteoarthritis (OA), are suggestive of chondrocyte prolifer-
ation2. Yet, chondrocyte proliferation has not been demon-
strated unequivocally in normal adult AC2,3. Chondrocyte
mitosis, an index of cell proliferation, has been reported in
injured AC of skeletally immature animals after laceration4,
ACL transection5, in adult rabbit cartilage after joint com-
pression6,7, as well as in a rabbit model of experimental
OA8. In addition, studies linking 3H-thymidine uptake to
cells in clusters provides circumstantial evidence in support
of the hypothesis that clusters of chondrocytes appearing
in the late stages of human OA are due to cell prolifer-
ation9–12. It is unclear why or how chondrocyte clusters
form in OA13, though it has been speculated that clusters432develop when chondrocytes enter the cell cycle in
response to an altered micro-environment11. If, indeed,
adult chondrocytes are stimulated to re-enter the cell
cycle, then identifying the stimulus of chondrocyte prolifer-
ation is an important step in developing a strategy to
promote chondrocyte repopulation, and possibly cartilage
regeneration.
A major focus of our laboratory has been the study of
chondrocyte cryoinjury in situ during cryopreservation of
intact adult AC. While mapping the spatial distribution
of chondrocyte cryoinjury within AC using standard cryo-
preservation techniques, we found that all the chondro-
cytes within the intermediate zone of the cartilage lost their
membrane integrity, while cells near the articular and bone
surfaces typically survived14. In these experiments, the
viability immediately after cryopreservation best predicted
the long-term viability of chondrocytes in an adult ovine AC
transplantation model; hence, the intermediate zone of
the cartilage was rendered, and remained, acellular at 3, 6,
and 12 months after transplantation; viable chondrocytes
remained in the superficial and deep zones at all times
after transplantation15. Notably, none of the gross or
histopathological features of OA were observed in this
model15.
In trying to optimize chondrocyte viability after freezing
and thawing, we developed a new cryopreservation proto-
col in which the cartilage was held for long periods at high
sub-freezing temperatures. This protocol was based on the
idea that ice growth within AC proceeds as a planar ice
front and is thus limited by diffusion of excluded solutes atReceived 31 January 2000; revision requested 6 April 2000;
revision received 23 October 2000; accepted 25 November 2000.
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Osteoarthritis and Cartilage Vol. 9, No. 5 433the ice interface. Hence, for ice to grow to a significant
depth within the cartilage, it is necessary to allow sufficient
time for the solutes to diffuse into the cartilage without
allowing the interior region to become supercooled to the
point at which ice nucleation events become likely to occur.
While this protocol did yield more viable cells at time
zero, many of these viable cells did not survive in the host
after long-term transplantation. Furthermore, we were sur-
prised to find very large clusters of cells in cartilage
samples using this specific cryopreservation and transplan-
tation protocol, which was unlike any previous result
(despite the similarity of storage times and temperatures). If
these clusters are formed by proliferating chondrocytes,
then this is a curious example of chondrocyte repopulation
in adult AC. Thus, the aim of the present study was to
characterize the phenotype of the cells in these clusters,
in situ, and to explore the hypothesis that this unusual
cryo-injury stimulates chondrocyte proliferation within
adult AC.MOLECULAR CHARACTERIZATION OF CHONDROCYTES
In situ hybridization histochemistry
Probe preparation. Type II procollagen—A 214 bp cDNA
(cCOL2, complementary to exons 1,3,4,5,6 of the canine
COL2A1 gene) was cloned by RT-PCR from an adult
canine AC cDNA library. This probe hybridizes to both the
IIA and IIB alternatively spliced forms of type II procollagen
mRNA17.
In vitro transcription and labeling. The cCOL2 probe
was ligated into the pBluescript vector, subcloned, purified,
and linearized with EcoRI. A complementary RNA probe
(antisense to the COL2A1 mRNA) was transcribed in vitroFig. 1. Flow diagram showing the surgical cascade and the
assessments used in the examination of the cartilage. The assess-
ments were performed on full thickness pieces of cartilage that
were cut using a 6-mm biopsy punch and then removed from the
bone with a scalpel. The locations within the graft and from the
cartilage adjacent to the graft are indicated. For vibratome sec-
tions, the sectioning was done before the cartilage was cut from
the bone.Materials and methods
Twenty adult Suffolk/Romanoff cross-bred ewes (physes
were closed on radiologic examination) were used follow-
ing approval of the surgical protocol by the institutional
Animal Care Committee.SURGICAL TECHNIQUE, AND CRYOPRESERVATION PROTOCOL
AND ASSESSMENT
As illustrated in Fig. 1, pairs of 10-mm diameter osteo-
chondral dowels were obtained from the weight-bearing
portion of the medial femoral condyle of sheep from a
slaughterhouse. The joints were kept closed until the dow-
els were harvested (within 2–4 hours of death). The dowels
were cryopreserved and then one dowel of each pair was
transplanted into 20 adult Suffolk ewes (surgical technique
described previously16). Ten of the animals were eutha-
nized at 3 months and the other 10 at 1 year. The other
dowel from each donor pair was thawed immediately fol-
lowing cryopreservation. The cryopreservation protocol
was as follows: The dowels were placed in 3 ml of a 0.5 M
propylene glycol/300 mM phosphate-buffered saline sol-
ution, in 10 ml polyethylene test-tubes, for 1 h at 22°C,
placed in an alcohol bath and cooled at 1°C/min to −4°C
where ice was seeded, held at −4°C for 1 h, then cooled to
−8°C and held for 30 min. The sample was then transferred
to an alcohol bath at −40°C for 10 min, then placed in a
−70°C freezer until transplantation (3–4 weeks). The
sample was thawed in a 37°C water bath immediately prior
to transplantation; the cryoprotectant was not removed
before transplantation.
Upon sacrifice, the stifle joints were removed en bloc and
underwent sagittal and coronal T1 weighted and volumetric
gradient echo scans on a General Electric 0.5 Tesla MR
Scanner. The grafts were then photographed for gross
morphology, then a piece of the cartilage was dissected
away from the subchondral bone using a scalpel, dehy-
drated in alcohol, and embedded in glycol methacrylate
(JB4 Polysciences Inc. Warrington, PA, U.S.A.). Serial
sections, each 3 m thick, were cut and stained with
safranin-O for the evaluation of histologic structure.
Chondrocyte recovery and distribution was assessed
in situ by cutting 70-m sections on a Vibratome (TPI Inc.,
St Louis, MO) and staining the chondrocytes with 10 MSyto-13 (a nucleic acid stain that is taken up by live
cells—Molecular Probes, Eugene, OR, U.S.A.) and 10 M
ethidium bromide (Sigma Chemical, St Louis, MO, U.S.A.).
The procedure was performed on the cartilage of the graft
and on the cartilage adjacent to the graft (host control)
upon sacrifice of the animal 1 year after transplantation,
and also as a time-zero control at the time of transplan-
tation, on a dowel taken from the adjacent portion of the
donor femoral condyle (Fig. 1). This normal control
was placed in phosphate buffered saline and assessed
approximately 1 h following its removal from the animal.
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digoxigenin-conjugated UTP in accordance with the manu-
facturer’s protocol (Boehringer Mannheim, DIG RNA
Labeling Kit, Cat. No. 1175025). The efficiency and amount
of digoxigenin labeling was determined by dot blot assay as
described in the Boehringer Mannheim labeling kit.Tissue preparation. Full-thickness samples of AC were
snap-frozen in isopentane cooled with liquid nitrogen.
6-m-thick cryo-sections were picked up on coated slides
(Fisherbrand Superfrost/Plus). Slides were stored at
−20°C, and baked at 37°C for at least 2 h before staining.
Slides to be tested for type X were washed thrice in PBS,
fixed in freshly prepared 4% paraformaldehyde for 5 min,Tissue preparation. Full-thickness samples of AC were
snap-frozen in isopentane cooled with liquid nitrogen.
6 m-thick cryo-sections were picked up on coated slides
(Fisherbrand Superfrost/Plus 12-550-15, Fisher Scientific)
and baked at 65°C for 2 h. Slides were washed thrice in
PBS, fixed in freshly prepared 4% paraformaldehyde, and
stored at room temperature. Before hybridization slides
were washed thrice in PBS, fixed in 4% paraformaldehyde,
rinsed thrice in PBS, digested with proteinase K (No.
745723, Boehringer Mannheim; 10 g/ml, 37°C, 30 min),
rinsed thrice in PBS, digested with hyaluronidase (No.
100740, Seikagaku Corp., Tokyo, Japan; 10 g/ml, in
0.02 M sodium acetate, 0.15 M sodium chloride, pH 6.0,
37°C, 30 min), acetylated (0.05% acetic anhydride in 0.1 M
triethylamine with stirring), and rinsed in 2× SSC.
Labeled probe (200 ng/l) was added to the hybridiz-
ation solution (50% formamide, 4× SSC, 0.5× Denhart’s,
salmon sperm (0.5 mg/ml), yeast tRNA (0.2 mg/ml), 5%
dextran sulfate), placed in boiling water for 10 min, chilled
on ice, and centrifuged briefly at 4°C before placing on
slides. Slides were hybridized at 40°C for 12 h in humidi-
fication chambers. Slides were washed in 1× SSC at 40°C
for 30 min. Single-strand (i.e. unhybridized) cRNA probe
was digested with RNAse ‘A’ (Pharmacia, Uppsala,
Sweden) 10 g/ml in 2× SSC at 37°C for 30 min), and
washed in 2× SSC.
Digoxygenin-labeled probe was detected by a combina-
tion of immunohistochemistry and enzyme histochemistry
(sheep antidigoxigenin conjugated to alkaline phos-
phatase) as described by the manufacturer (Boehringer
Mannheim). Briefly, slides were blocked with 2% normal
sheep serum in ‘Buffer 1’ for 30 min at 20°C and incubated
with antidigoxygenin antibody (diluted 1/5000 in 1% normal
sheep serum in ‘Buffer 1’) for at least 3 h at 28°C. Slides
were washed at 20°C in 2× washing buffer (5 min), ‘Buffer
1’ (10 min), ‘Buffer 2’ (10 min), and ‘Buffer 3’ (3 min).
Alkaline phosphatase activity was detected by the NBT/
BCIP reaction. The color reaction was stopped by washing
in water. Slides were counterstained with safranin O, air-
dried, and cover slipped with synthetic mountant (Eukitt, O.
Kindler GMBH & Co., Freiburg, Germany).
Two types of negative controls were used: (1) a method-
ological control where no labeled probe was added during
hybridization; (2) a specificity control whereby the hybrid-
ization of the labeled probe was blocked competitively with
increasing amounts of unlabeled probe. Normal ovine
articular cartilage from slaughterhouse (presumed skel-
etally adolescent) was used as a positive tissue control for
in situ hybridization histochemistry.Immunohistochemistry of the C-propeptide of type II
collagen
Primary antiserum. A monospecific polyclonal rabbit anti-
body to the C-propeptide of bovine type II collagen (R7450)
was a generous gift of Dr A. Robin Poole (McGill University/
Shriners Hospital, Montreal). As the C-propeptide has ashort half-life in cartilage18,19, it is an index of newly formed
type II collagen.Tissue preparation. Full-thickness samples of AC were
snap-frozen in isopentane cooled with liquid nitrogen.
6-m-thick cryo-sections were picked up on coated slides
(Fisherbrand Superfrost/Plus). Slides were stored at
−20°C, and baked at 37°C for at least 2 h before staining.
Slides were washed thrice in PBS, fixed in freshly prepared
4% paraformaldehyde for 5 min, rinsed thrice in PBS and
stored at room temperature. Endogenous peroxidase was
blocked in freshly prepared 0.85% hydrogen peroxide
(Sigma, U8879, urea hydrogen peroxide tablets) in abso-
lute methanol for 30 min at 20°C. Slides were rinsed thrice
in PBS for 10 min then digested with chondroitin ABC lyase
(No. 10030, Seikagaku Corp., Tokyo, Japan) 0.25 U/ml of
Tris-acetate buffer (pH 7.2) in the presence of a cocktail of
protease inhibitors (100 mM PMFS, 0.5 M EDTA pH 7.6,
1 M iodoacetamide, and 1 mg/ml pepstatin) for 90 min at
37°C. Slides were rinsed thrice in PBS then digested with
hyaluronidase (No. 100740, Seikagaku Corp., Tokyo,
Japan) 10 g/ml in 0.02 M sodium acetate, 0.15 M sodium
chloride, pH 6.0, for 30 min at 37°C). Slides were rinsed
thrice in PBS, rinsed thrice in 0.1% BSA in PBS for 10 min,
then incubated with normal goat serum at 20°C for 30 min.
Slides were rinsed with 0.1% BSA in PBS, and incubated
with 50–100 l of primary R7450 antiserum diluted 1:500
with 1% BSA in PBS under ParafilmY coverslips in humidi-
fied chambers overnight at 20°C. Primary antibody was
detected by indirect immunoperoxidase. Briefly, slides were
rinsed thrice in 0.1% BSA in PBS and incubated with
biotin-conjugated goat antirabbit IgG antibody (Vectastain
Elite ABC Kit, Vector Laboratories, Burlingame, CA, U.S.A.)
for 30 min at 20°C. Slides were rinsed thrice in 0.1% BSA in
PBS and incubated in horseradish peroxidase-conjugated
streptavidin (Vectastain Elite ABC Reagent). Diaminoben-
zidine served as the substrate for peroxidase and cobalt
was used to intensify the reaction product (DAB-Cobalt
tablets, SIGMA D0426) following the manufacturer’s rec-
ommendations. The colorometric reaction was stopped by
rinsing thrice in water. Slides were counterstained with
Ehrlich’s hematoxylin and eosin, and mounted with
synthetic mountant (Eukitt). Sections were examined and
photographed using a Zeiss Axioplan II microscope and
Kodak Ektachrome (ISO 100) film.
Non-immune rabbit serum was substituted for primary
antiserum as a methodological control. Purified
C-propeptide was used to pre-absorb antiserum R7450 to
assure specific immunostaining. Normal sheep AC
obtained from a slaughterhouse was used as a positive
tissue control.Immunohistochemistry of type I and type X collagen
Antibodies to murine type I procollagen (M-38) and
murine type X collagen (X-AC9) were obtained from the
hybridoma bank (Iowa City, IA).
Osteoarthritis and Cartilage Vol. 9, No. 5 435rinsed thrice in PBS and digested with 5% hyaluronidase in
PBS at 37°C for 1 h (slides to be tested for type I were not
fixed or digested). Slides were rinsed thrice in PBS then
blocked with 0.1% BSA in PBS for 60 min at 22°.
Slides were incubated with primary antibody diluted 1:50
with 0.1% BSA in PBS at 37°C for 60 min. Slides were
incubated with secondary antibody diluted 1:100 with 0.1%
BSA in PBS at 37°C for 60 min. Signal was assayed on a
microscope.
Tissue from 3- and 6-week rabbit ligament scar was
used for a positive control for type I collagen. Murine growth
plate cartilage was used as a positive control for type X
collagen. Negative controls were obtained by (1) leaving
out the primary antibody and (2) leaving out the secondary
antibody.Results
The vibratome sections shown in Fig. 2 illustrate the
range of cell viability observed in the surrounding cartilage
[Fig. 2(a),(e)], time-zero controls [Fig. 2(b),(f)], graft carti-
lage [Fig. 2(c),(g)], and non-cryopreserved autograft carti-
lage [Fig. 2(d),(h)]. Normal controls were indistinguishable
from surrounding cartilage and are therefore not shown in
Fig. 2. Also not shown are photographs of the cartilage
surrounding the autografts as it too was indistinguishable
from the cartilage surrounding the allografts [Fig. 2(a),(e)].
In contrast to previous cryopreservation protocols, the
(time-zero) zone of recovery at the joint surface extended
deeper into the cartilage (previous cryopreservation proto-
cols had only resulted in a zone of recovery that extended
to a maximum depth of about 2–3 cell diameters). The
recovery in the deep zone was more variable, though there
were always some cells near the bone–cartilage interface
that survived freezing and thawing. Fig. 2(f), for example,
shows extensive cell recovery throughout the deep zone,
limiting the zone of membrane-damaged cells to a narrow
band in the intermediate zone.
Three months after transplantation 8/10 grafts showed
the presence of spheroidal clusters of cells while for the
grafts harvested at 1 year 10/10 grafts showed spheroidal
clusters of cells in the AC matrix [Fig. 2(b),(f)]. In all cases,
the cartilage adjacent to the graft (see Fig. 1 for location)
was morphologically normal [Fig. 2(a),(e)]. The union
between host and graft cartilage did not heal, and the
morphology of host cartilage was normal immediately
adjacent to the graft.
The 70-m-thick sections shown in Fig. 2 represent a
thickness of approximately 10 cell diameters. These sec-
tions revealed spheroidal clusters containing more than a
hundred cells in some cases; the number of cells were
counted in each cluster and used as an indicator of cluster
size (the density of cells within the clusters was similar
among clusters). To determine if the size of the clusters
changed over time, the relative density of clusters within
the cartilage sections in the 3-month and 12-month groups
were compared, as shown in Fig. 3. The mean cluster size
at 3 months is 3.9 cells per cluster (median: 3) and at 12
months is 11.7 cells per cluster (median: 6). The maximum
cluster size increases over time from 22 cells at 3 months
to 135 cells at 12 months. If these clusters formed as a
result of the clonal expansion of a single cell, and growth
was exponential throughout the experiment, this would
correspond to a doubling time of about 50 days. The
median cluster size would correspond to a doubling time of
about 150 days.
Both single chondrocytes and cell clusters were found in
the superficial zone and in the deep zone. Comparing Fig.
2(b) with 2(c) and Fig. 2(f) with 2(g) shows that the location
of these clusters correlates with the regions in which
viable chondrocytes were found in the cryoinjured,
non-transplanted (time-zero) controls.
The cells in the clusters had the histomorphology of
chondrocytes (i.e. large, rounded cells located in lacunae).
Type II procollagen mRNA was detected in chondrocytes in
the graft cartilage, in adjacent cartilage, and normal carti-
lage; the mRNA was detected in superficial and deep
isolated chondrocytes, and in chondrocyte clusters [Fig.
4(b)]. The intensity of the signal was similar in all samples.Immunohistochemistry of anti-centrosome antibody
The centrosome is the major microtubule organizing
center in eukaryotic cells and its duplication is tightly
correlated with cell cycle progression20. Cells in G0 or G1
phase typically have a single centrosome containing a
single pair of centrioles. This single centrosome has been
identified in chondrocytes using electron microscopy21. In
all cells at the onset of S phase and coincident with the
initiation of DNA replication, the two centrioles of the
centrosome separate and duplicate thus forming two cen-
trosomes each with two centrioles. The presence of two
centrosomes persist throughout the remainder of the cell
cycle and each centrosome forms a spindle pole during cell
division. Thus, multiple centrosomes are an indicator of
cell cycle progression. To determine the centrosome
number in ovine chondrocytes we reacted cryosections
with a human autoimmune sera containing antibodies to a
family of conserved eukaryotic centrosomal proteins22,23.Tissue preparation. 6-m-thick cryo-sections were cut
and stored at −20°C. Sections were fixed in freshly pre-
pared 3% paraformaldehyde at 4°C for 5 min. Slides were
rinsed thrice in PBS and permeabilized with 0.5% Triton
X100 in PBS at 20°C for 5 min. Endogenous peroxidase
was quenched with 0.8% hydrogen peroxide in absolute
methanol at 20°C for 20 min. Non-specific binding of anti-
body was blocked with 0.5% ‘Blocking Reagent’ (NEN No.
NEL-700A; TSA-Indirect Tyramide Signal Amplification Kit,
NEN LifeSciences, Boston, MA, U.S.A., 02118) in ‘TNB
buffer’ (0.1 M Tris HCl, 0.05 M NaCl, pH 7.5) at 20°C for
30 min. A human autoimmune serum that specifically rec-
ognizes the centrosome throughout the cell cycle22,23 was
used at a dilution of 1:500 in TNB buffer and incubated at
20°C overnight in humidity chambers. Slides were washed
in ‘TNT’ buffer (TNB buffer with 0.05% Tween 20) thrice at
20°C (5 min each). Slides were then incubated with sec-
ondary antibody (horseradish peroxidase-conjugated goat
antirabbit IgG, Zymed, CA, U.S.A.) at 20°C for 30 min.
Slides were washed again with TNT buffer (thrice, 20°C,
5 min each). Tyramide amplification was carried out using
the NEN TSA kit according to the manufacturer’s instruc-
tions. Briefly, slides were incubated with biotinyl tyramide at
20°C for 30 min, washed thrice in TNT buffer, then incu-
bated with fluorescein-conjugated streptavidin at 20°C for
30 min. Sections were counterstained and mounted with
Vectashield containing the nuclear stain DAPI (Vector
Laboratories, No. H-1200-10). Sections were viewed
by epifluorescence microscopy and photographed on
Agfa ISO 400 film. Normal sheep AC obtained from aslaughterhouse, sheep ileum with Peyer’s Patch, and Hep2
cells were used for a positive control.
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Osteoarthritis and Cartilage Vol. 9, No. 5 437After baking, endogenous alkaline phosphatase activity
was absent and did not contribute to background. Competi-
tive binding controls ensured that the probe bound
specifically to type II procollagen mRNA.
Immunoperoxidase staining for the C-propeptide of type
II collagen was observed in and around chondrocytes in
normal ovine chondroepiphysis and in graft cartilage.
C-propeptide was observed intracellularly in many
chondrocytes and in the pericellular and interterritorial
matrix of the chondrocyte clusters of grafts [Fig. 4(a)].
Neither type I collagen nor type X collagen was found in the
graft cartilage (data not shown).
Both single and duplicated centrosomes were detected
in the epithelial and lymphoid cells of ovine ileum. In
contrast, sections of normal ovine cartilage and chondro-
cytes within the graft tissue that were not associated with
clusters displayed primarily single centrosomes; only one
of 920 cells (0.1%) counted had two clearly demonstrable
centrosomes. However, for chondrocytes in clusters, four of
568 cells (0.7%) counted had two centrosomes [e.g. Fig.
4(c)], providing evidence of cells within the clusters
progressing through the cell cycle.Discussion
The present study characterizes the large clusters of
chondrocytes that form over time in transplanted dowels of
adult AC following an atypical form of cryoinjury. The cells
in the clusters express type II collagen mRNA and protein,
the hallmark characteristics of chondrocytes in adult AC.
These cells do not produce either type I or type X collagen,
further illustrating the phenotype of adult AC chondrocytes.
The hypothesis that these clusters represent the clonal
expansion of chondrocytes was tested by determining the
change in size of the clusters over time, by assessing the
phenotype of the cells in the clusters, and by assessing cell
activation in the cell cycle toward mitosis. We have shown
previously that the surgical technique used in this study
does not lead to any of the typical joint pathologies associ-
ated with OA at one year in an ovine model15,16. The
absence of the characteristic gross and histopathological
features of OA is also notable in the joints that received
cryopreserved allografts in the present study, despite the
allograft covering approximately 25% of the weight bearing
surface of the medial femoral condyle.
Clusters of AC chondrocytes are a characteristic his-
topathological feature of late-stage clinical9,10,11, and
experimental OA8 and also have been observed in exper-
imental models of joint compression6,7, in experimental
models using electrical stimulation to enhance healing of
cartilage defects24, as well as in osteochondral allografts25.
In all of these studies the presence of clusters has been
accompanied by the morphological and histopathological
features of OA; in addition, it has been assumed that the
cells within these clusters are chondrocytes (based on
histomorphology), and that the clusters form by cell division
(based on the incorporation of tritiated thymidine by cells
within the clusters8,9,10).
Previous studies describing chondrocyte clusters in AC
subjected to increased joint compression raise questions
about the cause of cluster formation within the present
study. Using dowel allografts, it is conceivable that the
dowels were not properly size-matched with the recipient
holes, leaving the graft sitting proud of the condylar con-
tour. Such a situation would create significantly greater
loads on the graft cartilage. However, the surgical tech-
nique that we used was precise enough to keep the
average deviation from the pre-operative contour under
1 mm16 and there was no predilection for the grafts to sit
proud rather than recessed. In addition, fresh autograftsFig. 3. Histogram of cluster size for 3 and 12 months. The mean
cluster size at 3 months was 3.87, the median was 3 and the
maximum size was 22. The mean cluster size at 12 months was
11.7, the median was 6 and the maximum size was 135.Fig. 4. Photographs illustrating the adult chondrocyte phenotype within the clusters and evidence for mitosis. (a) 6-m cryo-section stained
with HRP showing the location of Ab against the C-propeptide of type II collagen. (b) 6-m cryo-section showing in situ hybridization of a
cRNA probe for canine type II procollagen mRNA. (c) 6-m cryo-section showing the location of Ab against the centriole of cells undergoing
mitosis. The two centrioles are clearly visible. (d) The same section is shown in (c) but stained with DAPI to show the nucleus.
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these controls exhibited no cluster formation. Moreover,
neither the cartilage of the grafts nor that of the rest of
the joint displayed the morphological and histological
characteristics of OA. Therefore, it seems the experi-
mental variable in this study most likely associated with the
formation of chondrocyte clusters is this atypical form of
cryopreservation.
Large clusters of chondrocytes have been observed in
osteochondral allografts in goats, but in that study cluster
formation was accompanied by the histomorphological fea-
tures of OA25. Although a diffuse hypercellularity is one of
the early histopathological features of OA, clusters of the
size observed in the present study have not been reported
previously in the absence of other features of OA. This
dissociation between degradation typical of late-stage OA
and the presence of clusters makes the present finding
particularly interesting. Indeed, it strongly suggests that this
unusual cryoinjury prompted many chondrocytes to
re-enter the cell cycle, possibly via a mechanism similar to
that which occurs in joint injury leading to OA. In both
cases, we speculate that cluster formation is an attempt by
chondrocytes to repopulate the matrix in response to an
injury that affects the connections that exist between
chondrocytes and matrix.
If clusters form by chondrocyte proliferation, then the
differences in methodology between the present study and
our previous study, using the same transplantation model
but a different cryopreservation protocol, should provide
some insight into the cause of this phenomenon. In opti-
mizing our cryopreservation protocol for articular cartilage,
we developed a procedure for improved chondrocyte
viability immediately after thawing (time-zero) based on an
assessment of membrane integrity. Paravital staining is
widely used for assessing cryoinjury since the primary site
of injury during cryopreservation of cells in suspension is
the plasma membrane26,27. In our previous work, paravital
staining allowed us to localize cryoinjury in articular carti-
lage14 and predict chondrocyte viability after cryopreser-
vation and after osteochondral transplantation for up to one
year in a host15,28. Since the number and location of
membrane-intact cells at time-zero corresponded to the
number and location of chondrocytes at one year in our
previous study, our expectation was that the same situation
would prevail in the present study (hence the use of the
membrane integrity assay for optimization).
In both our previous work and the present study, there is
always a stratum of cartilage, when viewed in cross-
section, that has no cell recovery. In our previous work, this
region shows up as membrane-damaged cells at time-zero
and becomes almost completely acellular at all time
periods up to one year in a host14,15,16,28. In the present
study, there is also an acellular zone, although the freezing
protocol was optimized to reduce the size of this region at
time-zero. The principal differences between the results of
the two studies are that: (1) many of the cells that appear to
be membrane-intact at time-zero are not present after
transplantation (leading to an overall lower cell density)
and, (2) the formation of chondrocyte clusters. Since the
only difference in methodology between the two studies lay
in the cryopreservation protocol; specifically, the time at
which the tissue is held at relatively high subzero tempera-
tures (temperatures between 0°C and −10°C are
especially important as the formation of ice creates a high
extracellular salt concentration and the temperature is high
enough for biochemical reactions to proceed at significant
rates), we ascribe the presence of clusters to the specificcryoinjury that occurs during this time. This temperature
range corresponds to that in which the characteristic ‘sol-
ution effects’ cryoinjury occurs most readily26,27,29; an
injury that is typified by cell lysis upon thawing. In the
present study, however, there were many chondrocytes
that had intact plasma membranes immediately after thaw-
ing, yet they appear to have sustained an injury that was
ultimately fatal as most of the cells did not survive trans-
plantation in the host.
Notwithstanding the death of many cells, at least some of
these cells appear to survive the cryoinjury. In many of
these cases, the response to injury appears to be a re-entry
into the cell cycle and the formation of clusters. That the
clusters are clonal in origin is supported by direct, though
scant, evidence of mitosis within clusters. Very few cells
with paired centrosomes were seen in clusters although
that is to be expected if we consider the kinetics suggested
by the data. An estimated doubling time of approximately 3
months predicts that the proportion of cells in mitosis would
be small at any given time. If a 90-day cell cycle is
assumed, in which the cells spend 24 h between the end of
G1 and cytokinesis, then about 1% of the cells will have two
centrosomes at any one time. Given that the observed
median cluster size corresponds to a doubling time of about
150 days, our observations are consistent with this
assumption. The progression in cluster size from a mean of
four cells at 3 months to a mean of 12 cells at 12 months
shows that the cluster size (cells per cluster) increases with
time in the host. Notably, this increase in number was not
exponential, as would be expected to occur if growth was
unrestricted. That the clusters appear to be bounded within
a single, spheroidal chondron suggests the possibility that
continued expansion of the cluster may be limited by the
effective area for nutrient diffusion into the cluster (the
surface area of a sphere increases as the 2/3 power of
volume). It is also noteworthy that cell cycling was not
synchronized in the clusters as each observation of two
centrosomes occurred in different clusters.
Although OA was not a feature of the cryopreserved
cartilage in the present study, some parallels can be drawn
between the nature of the cryoinjury and cluster formation
in OA. Adult chondrocytes can undergo mitosis when the
cartilage matrix is digested enzymatically (thus breaking
the connections between the cells and the matrix)30 and it
has also been shown that altering a cell’s interaction with its
matrix can lead to altered gene expression31. Our current
working hypothesis is that cryoinjury disrupts the connec-
tions between chondrocytes and their matrix, which triggers
some cells to enter the cell cycle. This hypothesis is
consistent with that of Mankin and Lippiello11 regarding
cluster formation in late-stage OA where the chondrocyte-
matrix connections are lost. Indeed, we speculate that a
change in cell-associated integrins or other molecules that
are important for the chondrocyte-matrix interaction (cf. the
discussion in Poole32 where pericellular changes in OA are
considered), either as a result of matrix degradation or in
response to a freezing stress, can lead to chondrocyte
mitosis and cluster formation. Thus, chondrocyte cluster
formation, in what appear to be very different situations
(e.g. compression injury, cryoinjury, and OA), may have a
common mechanism of formation. Further characterization
of the events that lead to cluster formation is likely to be
valuable for understanding chondrocyte proliferation and its
relationship to cartilage regeneration.
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